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ABSTRACT 

This  paper  presents  an  overview  of  the  experimental  results  concerning  a  full  coverage  film  cooled 
vane  cascade  investigation.  Main  objectives  of  this  study  were  a  detailed  description  of  the  cooling 
jets  to  mainstream  aerodynamic  mixing  process  and  related  loss  generation  mechanisms,  together 
with  the  generation  of  a  data  set  for  CFD  codes  validation. 

Experimental  results  have  been  obtained  in  a  low  speed  wind  tunnel  for  linear  cascade  testing.  The 
tested  blade  profile  is  typical  of  a  real  gas  turbine  nozzle  vane.  Full  coverage  film  cooling  is 
achieved  by  means  of  1 1  injection  rows  fed  by  a  single  internal  cavity:  3  are  located  on  the  pressure 
side,  5  on  the  suction  side  and  3  in  the  leading  edge  region.  All  tests  have  been  performed  using  air 
as  coolant  fluid,  matching  the  design  momentum  flux  ratio;  this  condition  corresponds  to  an  overall 
mass  flow  ratio  equal  to  2.5  %.  A  detailed  experimental  investigation  has  been  performed  in  order 
to  characterize  the  vane  performances.  Tests  include  mean  and  turbulent  blade  to  blade  velocity 
distributions,  boundary  layer  profiles  and  a  detailed  description  of  cooling  jet  mixing  process  in  the 
near  hole  region  of  the  last  pressure  and  suction  side  injection  rows.  Similar  tests  have  been  also 
performed  on  a  solid  blade  cascade  (without  injection  holes). 
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INTRODUCTION 

Full  coverage  film  cooling  is  the  way  commonly  employed  in  modem  gas  turbines  to  get  higher 
turbine  inlet  temperatures.  Coolant  injection  strongly  affects  the  profile  performance  and  for  this 
reason  its  influence  on  heat  transfer  and  loss  production  has  been  extensively  investigated  during 
the  last  years.  The  goal  is  to  improve  the  injection  modes  in  order  to  get  higher  effectiveness  with 
minimum  coolant  consumption. 

Coolant  injection  influence  on  cascade  performance  is  generally  evaluated  on  the  basis  of  mixed  out 
2D  loss  coefficient  distributions  (Urban  et  al.  [1]),  taking  into  account  all  sources  of  loss,  i.e. 
coolant  jet  to  mainstream  mixing,  profile  boundary  layer  development  and  downstream  mixing.  In 
order  to  evaluate  each  contribution  to  the  overall  loss  production,  downstream  2D  loss  distributions 
are  measured  and  boundary  layer  losses  are  computed  using  theoretical  prediction  methods  (e.g. 
Hartsel  [2]);  downstream  mixing  losses  are  then  obtained  by  difference. 

Recently,  Reynolds-Averaged  Navier-Stokes  (RANS)  solvers,  which  directly  compute  all  the  flow 
field  (Walters  and  Leylek  [3],  Bassi  et  al.  [4]),  have  been  replacing  theoretical  prediction  methods. 
The  predictive  capability  of  RANS  solvers  heavily  depends  on  numerical  accuracy  and  turbulence 
modelling  reliability.  This  means  that  RANS  solutions  need  to  be  carefully  validated  against 
accurate  experimental  data.  For  this  purpose  downstream  measurements  do  not  suffice  and  further 
detailed  experimental  data  concerning  the  boundary  layer  development  and  the  near  hole  flow  field 
are  needed.  Obviously,  such  an  investigation  is  useful  in  itself  to  gain  more  insight  into  the  loss 
generation  mechanisms. 

Detailed  flowfield  measurements  in  the  near  hole  region  of  a  large  scale  cascade  with  showerhead 
injection  are  reported  by  Ardey  and  Fottner  [5],  while  Brandt  et  al.  [6]  report  on  3D  hot  wire 
measurements  in  the  near  hole  region  of  a  large  scale  turbine  blade  with  suction  side  cooling 
through  a  single  row  of  cylindrical  holes.  Barigozzi  et  al.  [7]  have  documented  a  boundary  layer 
investigation  aimed  at  studying  the  influence  of  coolant  injection  on  boundary  layer  development 
and  loss  generation  along  the  pressure  and  suction  side  rear  part  of  a  full  coverage  film  cooled  vane. 
They  find  that  the  jet  effects  vanish  quite  rapidly  and  that  showerhead  injection  induces  transition 
along  the  suction  side,  while  the  pressure  side  boundary  layer  has  been  found  to  remain  laminar  up 
to  the  trailing  edge. 
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Figure  1:  Cooled  vane  and  injection  hole 
locations. 
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Table  1: 


Cascade  geometry 

g/c  =0.86 
h/c  =1.04 

P’2  =21° 

c  =  133.7  mm 
no.  of  blades  =7 


Operating  conditions 

pi  =  90° 

Mi  =  0.06 
M2is  =  0.2 

Re2is  =  0.66  106 
Tu  =  1.7  % 


Table  2:  Cooling  system  characteristics 

gc/ge  0.025 

Pressure  side  Suction  side 

g</gc,tot  0.363  0.637 


A 

B 

J 

L 

x/b 

0.75 

0.49 

0.49 

0.74 

B/D 

3.125 

3.125 

2.7 

4.5 

a 

35° 

35° 

35° 

35° 

BR 

1.1 

1.86 

0.71 

0.79 

Starting  from  these  results,  a  detailed  LDV  investigation  of  the  flow  field  in  the  near  hole  region  of 
the  last  pressure  and  suction  side  injection  rows  has  been  carried  out.  In  order  to  get  significant 
measurements,  the  cascade  vanes  have  been  tested  in  a  low  turbulence,  low  Mach  and  Reynolds 
number  flow.  In  the  following  section  the  experimental  set-up  and  the  measurement  technique  are 
described.  The  section  of  results  presents  a  comprehensive  set  of  experimental  data  concerning: 
mean  flow  field,  near  wake  region,  boundary  layer  development,  overall  cascade  performance  and 
near  hole  region.  In  the  last  section  some  conclusions  are  given. 


EXPERIMENTAL  SETUP  AND  TESTING  CONDITIONS 

The  tests  were  performed  in  the  low- speed  wind  tunnel  for  linear  cascades  of  the  Thermo-Fluid 
Dynamic  Laboratory  of  Bergamo  University.  The  tunnel  is  a  continuous  running  suction  type 
facility,  which  is  completely  Plexiglas  made  to  allow  free  optical  access.  Details  of  the  facility, 
including  the  secondary  air  supplying  system,  are  reported  in  Barigozzi  et  al.  [7].  The  cascade 
consists  of  7  vanes  typical  for  a  first  stage  of  an  industrial  gas  turbine.  The  only  difference  is  that 
trailing  edge  ejection  has  not  been  performed,  due  to  manufacturing  constraints.  The  tested  vane 
and  hole  locations  are  presented  in  Figure  1.  A  single  internal  cavity  in  the  film  cooled  airfoil  feeds 
11  rows  of  cylindrical  holes  ( D  =  0.7  mm)  distributed  along  the  profile,  thus  assuring  the  full 
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coverage  film  cooling.  The  showerhead  region  has  3  rows  of  holes,  while  5  rows  are  on  the  suction 
side  and  3  on  the  pressure  side.  Three  film  cooled  blades  made  of  epoxy  resin  have  been 
manufactured,  thus  giving  identical  coolant  injection  on  the  two  central  passages. 

A  set  of  solid  vanes,  i.e.  with  no  injection  holes,  has  also  been  tested.  Two  adjacent  vanes  have  been 
instrumented,  with  25  and  20  pressure  taps,  respectively  on  suction  and  pressure  sides,  to  get  profile 
static  pressure  distribution  at  mid-span.  Cascade  geometry  and  operating  conditions  are  given  in 
Table  1.  Notwithstanding  that  the  operating  conditions  of  this  stage  nozzle  vane  are  in  the  high 
subsonic  regime  {M2u  =  0.85),  tests  were  done  at  low  speed,  with  an  outlet  Mach  number  M2is  =  0.2. 
This  in  order  to  make  the  blade  boundary  layer  thickness  large  enough  to  get  significant 
measurements  in  the  film  cooling  region.  Of  course,  the  resulting  pressure  distribution  along  the 
blade  is  different  from  design  conditions,  causing  two  main  effects.  The  first  one  is  the  presence  of 
lower  pressure  gradients  which  cause  a  different  boundary  layer  development.  The  second  aspect  is 
a  different  share  of  coolant  flow  among  injection  rows.  Due  to  the  presence  of  a  single  internal 
cavity,  the  coolant  flow  distribution  is  affected  by  changes  in  the  profile  pressure  distribution.  In 
particular,  lower  blowing  rates  will  occur  on  the  suction  side.  The  variation  of  blowing  ratio  of 
individual  rows  has  been  estimated  to  be  not  too  large.  All  tests  have  been  performed  at  a  Reynolds 
number  equal  to  half  the  design  value  and  at  a  low  inlet  turbulence  intensity  level  Tu  =  1.7  %, 
measured  half  a  chord  upstream  of  cascade  inlet.  The  Reynolds  number  and  also,  as  reported  by 
Camci  and  Arts  [8],  the  turbulence  intensity  level  are  expected  to  have  a  small  influence  on  the 
cooled  vane  performance,  as  suction  side  boundary  layer  transition  is  triggered  by  showerhead 
injection. 

Total  pressure  and  temperature  of  injected  flow  are  measured  in  the  blade  cavity  by  means  of 
pressure  taps  and  T  type  thermocouples.  Following  the  procedure  described  by  Dossena  et  al.  [9], 
coolant  share  among  injection  rows  has  been  evaluated  on  the  basis  of  discharge  coefficients, 
allowing  the  definition  of  blowing  and  momentum  flux  ratio  for  each  row  of  holes.  Table  2  resumes 
the  main  characteristics  of  coolant  flow  for  the  last  two  rows  on  both  pressure  (A  and  B)  and 
suction  (J  and  L)  sides,  where  the  boundary  layer  and  near  hole  investigations  have  been  carried 
out.  Osnaghi  et  al.  [10]  have  shown  that  results  at  different  density  ratios  are  well  correlated  using 
the  momentum  flux  ratio.  Air  at  ambient  temperature  was  blown  as  coolant  flow,  with  an  overall 
mass  flow  ratio  of  2.5  %,  corresponding  to  the  design  momentum  flux  ratio,  thus  assuring  similar 
mass  averaged  losses. 

Measurement  technique  and  testing  procedure 

A  four  beam,  two  color  LDV  system  (DANTEC  Fiber  Flow)  has  been  used.  For  the  near  hole 
investigation,  a  140  mm  focal  length  front  lens  produces  a  measurement  volume  of  0.04  mm  in 
diameter  and  0.3  mm  in  length.  In  all  the  other  cases,  i.e.  for  boundary  layer  and  near  wake 
investigations,  a  200  mm  focal  length  front  lens  has  been  used,  giving  rise  to  a  measurement 
volume  of  0.06  mm  diameter  and  0.6  mm  length.  Anyway,  the  measurement  volume  is  located 
inside  the  test  section  so  that  its  larger  dimension  is  aligned  with  the  spanwise  direction.  Sawdust 
smoke  has  been  used  to  seed  both  main  and  cooling  flows  independently.  Mean  and  fluctuating 
velocity  components  have  been  corrected  for  velocity  bias  (Boutier  [11]).  Based  on  a  95  % 
confidence  level,  statistical  uncertainties  for  mean  and  RMS  velocities  of  1.24  %  and  4.4  %, 
respectively,  have  been  obtained  considering  1000  collected  data  and  a  turbulence  intensity  level  of 
20  %.  BSA  processor  accuracy  can  be  estimated  to  be  lower  than  1  %  (Modarres  et  al.  [12]).  A 
computer  controlled  three  axis  traversing  system  driven  by  stepping  motors  assures  a  probe 
minimum  linear  displacement  of  10  pm.  The  probe  can  also  be  continuously  rotated  around  all  three 
axis,  thus  making  it  possible  to  approach  the  blade  surface  everywhere. 

The  boundary  layer  behavior  in  the  region  corresponding  to  the  last  two  rows  on  both  pressure  and 
suction  side  and  the  near  wake  region  have  been  previously  investigated  (Barigozzi  et  al.  [7])  with 
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the  same  technique.  A  miniaturized  5-hole  pressure  probe  (1.8  mm  head)  has  been  also  traversed 
downstream  of  the  cascade;  6  traverses  have  been  performed,  from  x/b  =  0.13  up  to  x/b  =  0.55 
downstream  of  the  trailing  edge.  Uncertainties  have  been  estimated  to  be  0.15  %  of  dynamic 
pressure.  These  data  have  been  used  to  compute  energy  loss  coefficient  distributions  along  the  vane 
surface  and  in  the  downstream  region. 

In  the  near  hole  investigation,  the  domain  includes  the  near  hole  region  of  last  injection  row  A  on 
pressure  side  and  L  on  suction  side.  This  region  has  been  investigated  performing  2D  measurements 
on  a  3D  grid.  Figure  2  presents  the  vane  geometry  with  injection  locations  while  Figure  3  shows  the 
coordinate  system  centered  on  the  hole  centerline  leading  edge.  The  grid  consists  of  10 
measurement  planes  (h,  n),  starting  1  mm  upstream  of  rows  A  and  L.  Plane  spacing  in  .v-direction  is 
initially  set  to  1  mm  close  to  the  row,  and  then  increased  to  2  mm  going  further  downstream.  Each 
plane  is  divided  into  11  spanwise  traverses  of  10  points  each  one,  thus  covering  one  hole  pitch  with 
an  overall  of  1100  measurement  points.  Traverse  spacing  has  been  increased  close  to  injection 
location  and  approaching  the  blade  surface,  where  the  first  traverse  has  been  performed  at  n  =  0.2 
mm  for  row  A  and  0.35  mm  for  row  L.  In  each  measurement  point,  mean  and  RMS  velocity 
components  lying  in  the  (s,  n)  plane  have  been  acquired  in  coincidence  mode,  with  data  rates 
ranging  from  0.1  up  to  6  kHz  going  far  from  the  wall. 


RESULTS 
Mean  flow  field 

Figures  3  and  4  present  the  profile  isentropic  Mach  number  and  the  Mach  number  isolines  in  the 
blade  to  blade  plane  located  at  mid  span.  These  data  have  been  obtained  testing  the  solid  vane 
cascade.  Both  Figures  show  the  presence  of  a  continuous  flow  acceleration  on  the  blade  pressure 
side  up  to  the  trailing  edge,  while  the  suction  side  is  characterized  by  a  strong  initial  acceleration 
followed  by  a  moderate  diffusion.  There  is  no  evidence  of  flow  separation,  and  the  flow  field 
displays  a  good  periodicity. 


Figure  3:  Profile  isentropic  Mach  number. 


Figure  4:  Blade  to  blade  Mach  number 
distribution. 
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Figure  5:  The  near  wake  flow  field 


The  near  wake  region 


Mean  velocity,  turbulence  intensity  and  mV 
component  distributions  in  the  near  wake 
region  are  presented  in  Figure  5.  Note  that  Tu 
and  mV  are  not  pure  turbulent  quantities 
because  they  also  include  the  mean  flow 
unsteadiness  due  to  vortex  shedding.  All 
quantities  are  normalized  using  the  outlet 
isentropic  velocity  based  on  the 

downstream  wall  static  pressure  at  x/c  =  0.5  and 
inlet  total  conditions.  The  mean  flow  velocity 
distribution  (Figure  5(a))  puts  in  evidence  the 
difference  between  the  thin  boundary  layer 
along  the  pressure  side  and  the  thicker 
boundary  layer  that  develops  along  the  suction 
side.  Also  the  Tu  distribution  (Figure  5(b))  on 
the  trailing  edge  sides  is  rather  different  and  the 
higher  value  of  the  pressure  side  peak  can  be 
attributed  to  a  stronger  vortex  shedding  activity. 
The  shear  stress  mV  (Figure  5(c))  shows  a 
typical  two-core  distribution,  with  the  sign 
changing  across  wake  centerline. 

The  boundary  layer  investigation 

A  detailed  boundary  layer  investigation  has 
been  performed  along  both  pressure  and  suction 
side  rear  parts,  including  the  two  last  injection 
rows  (A  and  B  on  the  pressure  side  and  J  and  L 
on  the  suction  side).  These  data  have  been 
already  reported  and  thoroughly  discussed  by 
Barigozzi  et  al.  [7].  Here  only  the  traverses 
closest  to  the  trailing  edge  on  both  pressure 
(Figure  6(a))  and  suction  (Figure  6(b))  side  are 
presented.  Coolant  injection  along  the  pressure 
side  does  not  alter  the  boundary  layer  behavior, 
that  remains  laminar  up  to  the  trailing  edge,  as 
the  high  acceleration  prevents  transition.  On  the 
contrary,  showerhead  injection  induces 
boundary  layer  transition  along  the  suction  side, 
and  the  fully  turbulent  boundary  layer  along  the 
whole  investigated  region,  becomes  4.3  mm 
thick  close  to  the  trailing  edge.  Note  that,  in  the 
solid  vane  case,  the  boundary  layer  was  found 
to  be  laminar  at  the  location  corresponding  to 
injection  row  J. 

Starting  from  boundary  layer  traverses,  integral 
parameters  have  been  computed.  Figure  7 
presents  the  integral  parameters  (displacement 
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thickness,  shape  factor  and  momentum  thickness  Reynolds  number)  on  the  boundary  layers 
developing  along  the  vane  pressure  (Figure  7(a))  and  suction  (Figure  7(b))  sides.  These  results 
confirm  the  laminar  character  of  the  pressure  side  boundary  layer,  while  the  suction  side  boundary 
layer  is  fully  turbulent  up  to  the  trailing  edge,  without  any  evidence  of  separation. 


(a)  Pressure  side  (x/c  =  0.95) 


(b)  Suction  side  (x/c  =  0.98) 


Figure  6:  Boundary  layer  profiles  close  to  the  trailing  edge. 


(a)  pressure  side  (b)  suction  side 


Figure  7:  Integral  parameters. 
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Figure  8:  Thermodynamic  loss  coefficient  distribution. 


Loss  coefficient  distribution 

LDV  boundary  layer  traverses  and  downstream  5-hole  aerodynamic  pressure  probe  traverses  have 
been  used  to  compute  the  thermodynamic  loss  coefficient  £  distribution  along  both  sides  of  the 
blade  and  downstream  of  the  trailing  edge  presented  in  Figure  8.  These  data  have  been  already 
reported  and  thoroughly  discussed  in  Barigozzi  et  al.  [7].  It  is  worth  recalling  here  the  definition  of 
the  thermodynamic  loss  coefficient  £.  The  5-hole  probe  traverses  downstream  of  the  cascade  allow 
to  compute  the  following  loss  coefficient,  which  includes  the  losses  inside  the  cooling  holes: 

g,(vL-v;  )+g,(ul,J.~ul ) 

’  pU2  +2  U2 

&eu2,is  t6cu  2c, is 

_1  [l  +  {Sc/Se)]h,2  i-iPi/PaY 

Kl  l-{P2/Pn)f]  +  {gc/ge)h,c  MWAcT 

where  (p  =  ( y- 1  )/y.  Boundary  layer  traverses  (not  presented  here)  allow  to  evaluate  the  contribution 
to  the  thermodynamic  loss,  due  to  the  pressure  and  suction  side  developing  boundary  layers,  by 
means  of  the  relation: 

s  s 

|  pu(U2 -u2)(\-C)dn  +J  pu(U2c -u2)Cdn 
r  _  _o _ o _ 

^  T  7^2  .  T  j2 

g<P2,is  ^  gJ-^2c,is 

where  Uex  is  the  coolant  isentropic  velocity  at  the  traverse  location,  resulting  from  a  coolant 
isentropic  expansion  from  total  blade  cavity  condition  to  local  profile  static  pressure.  This  energy 
loss  coefficient  has  been  computed  at  each  boundary  layer  traverse  location,  making  some 
assumptions  on  the  coolant  concentration  C  along  the  traverse.  Supposing  that  all  the  injected  flow 
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remains  inside  the  boundary  layer  and  assuming  an  analogy  between  coolant  mass  diffusion  and 
momentum  diffusion  (Osnaghi  et  al.  [12]),  the  following  concentration  distribution  for  the  boundary 
layer  traverse  at  location  s  along  the  blade  surface  has  been  introduced: 


/  \  U(s)-u(s,n)  ,  . 

c (s.n)=  ’  ’  C„(s) 

u.(') 


The  constant  value  Cmax  is  determined  in  an  iterative  way,  so  that  the  coolant  flow  rate,  computed 
by  integrating  the  coolant  mass  flow  rate  throughout  the  boundary  layer  thickness,  equals  the 
coolant  mass  flow  injected  along  the  blade  side  up  to  this  location. 

Figure  8  shows  that  a  quite  large  loss  production  takes  place  across  each  injection  row,  followed  by 
a  moderate  increase  up  to  the  next  injection  row.  This  behavior  could  be  explained  if  most  of  the 
mixing  process  takes  place  very  close  to  injection  location.  To  obtain  a  deeper  insight  on  these 
phenomena,  a  detailed  investigation  has  been  performed  on  the  near  hole  region  of  the  last  injection 
row  on  both  pressure  (row  A)  and  suction  (row  L)  side. 


The  near  hole  region 

Figure  9  (pressure  side)  and  Figure  10  (suction  side)  present  the  mean  kinetic  energy,  turbulence 
intensity  and  uv  component  distributions  in  eight  (h,  n)  planes,  starting  1.43  D  upstream  of  hole 
leading  edge  and  reaching  approximately  16  D  downstream.  All  quantities  are  normalized  with  the 
downstream  isentropic  velocity  U2is-  Each  contour  plot  shows  a  single  jet  repeated  twice.  Figure  11 
shows  the  same  quantities,  but  in  the  (s,  h)  planes  closest  to  the  vane  surface,  located  at  0.2  and  0.35 
mm  from  respectively  the  pressure  (row  A)  and  suction  (row  L)  side  of  the  airfoil.  Figure  12 
presents  the  same  contour  plots  in  the  (s,  n)  planes  approximately  located  at  hole  centerline  for  both 
pressure  and  suction  side  holes. 

Considering  the  contour  plot  of  Figure  9,  in  the  first  measurement  plane  ( s/D  =  -1.43),  a  quite 
uniform  boundary  layer  is  present,  with  small  Tu  and  uv  values.  The  presence  of  the  jet  issuing 
from  row  A  can  be  easily  identified  in  the  following  plane  (s/D  =  1.43),  that  is  still  inside  the  hole 
exit  region.  The  jet  then  assumes  the  classical  “kidney”  shape,  and  in  the  last  plane  it  seems  that  the 
mixing  process  is  nearly  completed.  Both  Tu  and  uv  distributions  show  that  most  of  the  mixing 
process  takes  place  up  to  approximately  6 D  downstream  of  injection  location,  with  maximum  Tu 
values  of  18  %  at  s/D  =  2.86.  This  is  also  evident  from  the  contour  plots  presented  in  part  (a)  of 
Figures  11  and  12.  Due  to  the  quite  high  blowing  ratio  ( BR  =  1.1),  the  jet  exits  the  boundary  layer. 
A  quite  large  recirculation  area  is  present  right  downstream  of  injection  hole,  but  the  strong 
acceleration  push  the  jet  back  to  the  wall.  The  jets  do  not  merge  in  spanwise  direction. 

Less  evident  are  the  jets  in  the  suction  side  case  (FigureslO,  11  and  12),  due  to  the  presence  of  a 
thick  turbulent  boundary  layer  and  coolant  injection  at  low  blowing  ratio  (BR  =  0.79).  The  jets 
remain  attached  to  the  wall,  as  also  shown  in  part  (b)  of  Figures  11  and  12.  Also  in  this  case  the 
mixing  process  seems  to  take  place  mostly  in  the  near  hole  region,  up  to  s/D  =  6,  but  of  course 
closest  to  the  wall;  it  is  then  approximately  completed  in  the  last  plane  (s/D  =  15.7)  where  it  results 
in  a  strong  increase  of  boundary  layer  thickness. 


CONCLUSION 

A  comprehensive  set  of  data  concerning  the  2D  flow  within  a  full  coverage  film  cooled  airfoil  as 
typical  of  a  nozzle  vane  of  an  industrial  gas  turbine  has  been  presented  and  discussed.  All  these 
experimental  data,  besides  giving  a  detailed  description  of  near  hole  coolant  jet  to  main  flow  mixing 
process,  will  be  used  to  validate  a  novel  3D  RANS  solver  that  will  be  run  both  for  the  experimental 
and  the  actual  gas  turbine  operating  conditions. 
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Figure  9:  Row  A  flow  distribution  (pressure  side). 
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Figure  10:  Row  L  flow  distribution  (suction  side). 
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(b)  row  L  (suction  side) 


Figure  11:  Flow  characteristics  in  the  s,  h  plane  closest  to  the  wall. 


Tu  % 


Tu  % 


2  4  6  8  1012  14  16  18 


2  4  6  8  1012  14  16  18 


(a)  row  A  (pressure  side)  (b)  row  L  (suction  side) 


Figure  12:  Hole  centerline  flow  characteristics  in  the  s,  n  plane. 
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Paper  Number:  30 

Name  of  Discussor:  H.B.  Weyer,  DLR  Cologne 

Question: 

Obviously  you  use  the  LDV-  anemometry  to  cany  out  those  impressive  mixing  test.  What  size  have  the 
particles  you  used  and  tided  you  to  seed  either  the  main  flow  and  the  coolant  flow?  Which  are  the  results? 

Answer: 

Particles  dimension  has  not  been  really  characterised  but  it’s  of  the  order  of  pm-  We  seed  both  coolant  and 
main  flow  independently  . 

We  investigated  the  effect  of  separate  cooling  and  we  found  that,  only  very  close  to  injection  location, 
coolant  flow  seeding  is  important  and  this  is  due  to  the  fact  that  mixing  process  is  very  fast. 


Name  of  Discusser:  T.  Tinaztepe,  Roketsan  Turkey 

Question: 

Is  there  any  effect  of  secondary  flow  in  your  measurement? 

Answer: 

All  measurements  have  been  performed  at  mid  span.  Anyway  preliminary  measurement  of  secondary  flows 
have  shown  a  large  2  D  flow  region. 


